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EFFECT OF NONIONIC SURFACTANTS ON CHALCOPYRITE LEACHING 
UNDER DUMP CHEMICAL CONDITIONS, PART 2 
By S. P. Sandoval,1 D. L. Pool,2 and L. E. Schultze3 
ABSTRACT 
Previous research by the U.S. Bureau of Mines defllonstrated that nonionic surfactants increased the 
leaching rate of.copper in the flask leaching of chalcopyrite with ferric sulfate if sufficient ferric sulfate 
was present. This research was continued ~y the Bureau in Part 2 to further explore the application of 
nonionic surfactants to the dump leaching of chalcopyrite. A polyoxyethylene lauryl ether was selected 
as the superior nonionic surfactant tested at 250 and 500 C. The addition of the surfactant increased 
copper leaching by 116 pct at 250 C and 1.0 pct solids and by 61 pct at 500 C and 0.5 pct solids at Fe3t 
concentrations greater than 1 giL. At 0.10 giL Fe3 + and below, the addition of the surfactant produced 
as much as a 35 pet decrease in leaching. Each of the nonionic surfactants studied was found to be 
heavily adsorbed by a typical chalcopyrite ore, which poses a serious barrier to the application of 





















In 1964, Duncan, Trussell, and Walqen (1)4 reported 
the effect of nonionic surfactants on the Thiobacillus 
fen'ooxidan leaching of chalcopyrite. The tests were 
conducted in 250-mL Erlenmeyer flasks containing minus 
325 mesh chalcopyrite and a modified 9K medium at 
pH 2.5 and 350 C. The hypothesis tested in adding the 
surfactants was that the presence of a surfactant would 
allow the bacteria to achieve a more intimate contact with 
the mineral surface and thereby improve copper extraction. 
A portion of the results obtained in this testing is shown 
in table 1 for the nonionic surfactant Tween 20. The 
results supported the hypothesis that the nonionic sur-
factant aided the bacteria in contacting the mineral 
surface. When several copper sulfide ores were tested 
under the same conditions as the chalcopyrite mineral, 
copper extraction was increased by between 5 and 12 pct 
in two of the ores tested and was decreased by 5 pct in 
one of the ores tested (2). The other five ores tested 
showed no change in copper extraction with surfactant 
addition. A mineralogical analysis of the ores was not 
given, making a comparison difficult. Duncan and Trussell 
'(2) also tested the effect of Tween 20 on the bioleaching 
of covellite, chalcocite, and bornite. Surfactant addition 
did not change copper extraction from these minerals. 
Table 1.-Effect of Tween 20 concentration on bloleachlng of 
minus 325 mesh chalcopyrite with Tb/obacillus ferrooxidans 
at pH 2.5 [from reference 1] 
Tween 20 Copper concentration, ppm 
concentration, Inooulated! 4 days 7 days 11 days 
pot by vol 
0 90 145 175 
0 + 130 210 960 
0.003 + 1,965 2,625 3,250 
0.004 + 1,980 2,535 3,090 
0.005 + 1,765 2,410 2,940 
10." Indloates absence of bacteria. " +" indicates presence of 
baoterla. 
A possible explanation for the effect of the nonionic 
surfactant on chalcopyrite has unfolded recently since the 
collectorless flotation of chalcopyrite has come into clearer 
focus. Heyes and Trahar (3) found that chalcopyrite be· 
came sufficiently hydrophobic to float in an oxidizing 
environment', but that nonflotability was exhibited in a 
reducing environment. Gardner and Woods (4) reported 
that the presence of sulphur, which formed on the chalco-
pyrite surface as a result of anodic oxidation, was the criti.-
cal factor in rendering the chalcopyrite floatable. More 
4ltalic numbers in parentheses refer to items in the list of references 
at the end of this report. ' 
recently, Hayes and Ralston (5) concluded that elemental 
sulphur is likely the cause of the observed hydrophobicity, 
and that the hydrophobic product is quite resistant to fur-
ther oxidation. The natural floatability was observed to 
decrease only after extended periods of oxidation. Healy 
. and Trahar (6) have broadened the characterization of the 
hydrophobic product of oxidation to be an interfacial film 
that is sulfur rich or metal deficient or both. After con-
sidering this relatively new information on the collectorless 
flotation of chalcopyrite under oxidizing conditions in com-
bination with Duncan and Trussell's data, one can begin to 
formulate a hypothesis that the hydrophobic nature of 
chalcopyrite under oxidizing conditions interferes with the 
leaching of copper from chalcopyrite since in order for 
copper to be leached, the chalcopyrite must be oxidized. 
This oxidation is dependent on the interfacial contact be-
tween the chalcopyrite and the leaching solution. If a hy-
drophobic reaction product forms at the mineral-solution 
interface, then the ability of the leaching medium to wet 
the mineral surface would be decreased, thereby de-
creasing leaching. A nonionic surfactant would aid 
leaching by making the chalcopyrite more wettable. 
On the basis of this hypothesis, the U.S. Bureau of 
Mines investigated the effect of nonionic surfactants on 
chalcopyrite leaching under conditions of temperature, pH, 
oxidant, and oxidant concentration that approximate those 
found in dump leaching (7). Dump leaching is a method 
to treat low-grade ore that is not suitable for treatment by 
flotation. The ore is placed in large piles of uncrushed 
run-of-mine material called dumps. The dumps are 
sprayed with dilute sulfuric acid, which percolates through 
the dump and is collected as it exists. The effluent from 
the dump contains copper and iron, the copper being re-
covered by cementation or solvent extraction, and the 
acidic iron sulfate being recycled to the top of the dump. 
Bacteria active in the dump oxidize Fe2t to Fe3t to provide 
oxidant for the leaching process. 
It is in a chalcopyrite dump that the hydrophobicity-
leaching hypothesis might be used to an advantage since 
the conditions in a typical dump favor the formation of a 
hydrophobic film on the chalcopyrite surfaces present in 
the dump. The leaching solutions utilized in a dump are 
mildly oxidizing. The solutions contain up to 2 giL Fe3t 
at a pH of between pH 2 and pH 3 and temperatures be-
tween 250 and 500 C. The chalcopyrite is stationary. 
There is no mechanical mixing. The solution percolates 
through the dump as a result of gravity. 
The formation of a hydrophobic surface on chalcopyrite 
that resists wetting would contribute to the low recovery 
of copper being achieved in chalcopyrite dumps, and would 
pose yet another explanation for this low recovery. 
Hiskey and Bhappu (8) estimate that only 6 to 15 pct of 
the copper in chalcopyritic ores are recovered in 4 to 
5 years of dump leaching. Explanations presented in the 
literature for this low recovery have included poor avail-
ability of oxygen (9), poor accessibility to copper in large 
rocks (10), and the formation of a passivating film on the 
chalcopyrite. A passivating ftlm is one that inhibits 
leaching by preventing the electron transfer necessary for 
the leaching process. The passivating filin has been at-
tributed to the formation of elemental sulfur (11) and to 
the formation of an intermediate copper sulfide (12) on 
the chalcopyrite during leaching. 
The research conducted by the Bureau showed that 
nonionic surfactants do improve copper extraction in the 
ferric sulphate leaching of chalcopyrite under dump con-
ditions when suffIcient Fe3+ is present, demonstrating a 
positive interaction between Fe3+ concentration and non-
ionie surfactant concentration (7). At Fe3+ concentrations 
3 
of 1.0 to 2.0 giL, copper extraction was improved by as 
much as 100 pct by the addition of nonionic surfactants. 
At Fe3+ concentrations of 0.1 giL, the nonionic surfactants 
decreased leaching by as much as 50 pct. Of the surfac-
tants tested, Tween 40 was found to be the superior sur-
factant at 25° C, but became unstable at 50° C. A block 
copolymer nonionic surfactant, Tetronic 304, was selected 
as the superior surfactant at 50· C. It did not perform 
well at 25° C. An anionic and a cationic surfactant were 
found to decrease leaching over the Fe3+ concentration 
range of 0.2 to 1.0 giL. 
The present research was undertaken to identify a non-
ionic surfactant that would perform well at 25° and 50° C 
and to further explore the extraction of copper from chal-
copyrite as a function of Fe3+ concentration and nonionic 
surfactant concentration. Surfactant adsorption studies 
were conducted to determine the degree of nonionic sur-
factant adsorption by a typical chalcopyrite dump ore. 
MATERIALS AND PROCEDURES 
Mineral leaching studies were conducted in statistical 
experiment design formats (13-14). The two experiment 
designs utilized were a "completely randomized" design 
and a 3x3 factorial design. The completely randomized 
design was used to compare the performance of four sur-' 
factants with each other to identify the superior performer. 
The statistical criteria used to identify a superior 
performer were the overall F~test and the Least Signiftcant 
Difference (LSD) test (both as associated with analysis of 
variance) at the 0.05 level of signiftcance. The F-test 
detected the presence or absence of a difference between 
the performance of two or more of the surfactants in-
cluded in the completely randomized design, but did not 
isolate the difference or differences. The LSD test 
isolated the difference or differences by organizing the 
surfactants included in the comparison into homogenous 
subsets based on surfactant performance in promoting 
leaching. Those surfactants within a subset performed the 
same statistically, whereas those in separate subsets 
differed in performance based on the LSD test. A 3x3 
factorial design was used to study the effect of surfactant 
concentration and Fe3+ concentration on leaching. The 
measured response was copper concentration in the 
leaching solutions as measured by atomic absorption meth-
ods. The data of a factorial design are typically analyzed 
by fitting a response surface model to the data using 
multiple regression procedures and then plotting the 
models to reveal the response surface. In this case, 
however, the response surface was found to contain several 
discontinuities that did not allow the fitting of a model. 
Therefore, the data of the factorial designs were plotted in 
x-y format and discussed qualitatively. 
The mineral leaching studies consisted of ground chal-
copyrite exposed to 50 mL of ferric sulfate leach solution 
in 250-mL Erlenmeyer flasks while being agitated in a re-
ciprocal shaking water bath at constant temperature. The 
chalcopyrite was freshly prepared before each set of ex-
periments by grinding to the mesh size required with a 
mortar and pestle and homogenizing on a rolling cloth. 
The chalcopyrite sample used was from Transvaal, South 
Africa. A mineralogical analysis revealed that the sample 
was approximately 88 pct chalcopyrite, 10 pct quartz, and 
2 pct epidote with trace pyrite and bornite. Each experi-
ment design consisted of from 9 to 16 flask tests. By ho-
mogenizing the chalcopyrite before loading into the flasks, 
each flask within a design received a sample of uniform 
particle size distribution in addition to equal mass. Be-
cause no effort was taken to insure a uniform particle size 
distribution between experiment designs, conclusions 
should be drawn within each design and not between de-
signs. The leaching solutions were made with deionized-
distilled water, reagent-grade ferric sulphate, and reagent-
grade sulfuric acid. The nonionic surfactants tested were 
industrial samples obtained from their manufacturers. 
The conditions of the completely randomized designs 
were 50 ppm nonionic surfactant, 2 giL Fe3+, 1.0 pet 
solids, pH 2, and 8 days of leaching at 25° C and 50 ppm 
nonionic surfactant, 2 giL Fe3+, 0.5 pct solids, pH 2, and 
4 days of leaching at 50° C. The number of replicates 

















total of six 3x3 factorial designs was conducted. The 
conditions of the six factorial designs are presented in 
table 2. Designs 1 through 4 explore the response surface 
of copper extraction from chalcopyrite as a function of LA 
790 concentration and Fe3+ concentration at 2S0 and SO° C 
using minus 100 mesh chalcopyrite. Designs Sand 6 test 
the effect of LA 790 on different chalcopyrite particle sizes 
at SO° C. The design at 2S0 C was sampled after 6 and 
12 days of leaching. The designs at SOO C were sampled 
after 2 and 4 days of leaching. 
Table 2.-Condltlons of factorial designs 1 through 6 
(at pH 2) 
Independent Variable levels Fixed variables 
varlablesl Low Middle High Temp, Solids 
·C pct mesh size 
Design 1: 25 1.0 ·100 
xl ...... 0 25 50 
x2 ...... . 05 1.025 2.0 
Design 2: 50, .5 ·100 
Xl ...... 0 25 50 
X2 ...... .10 2.05 4.0 
Design 3: 50 .5 ·100 
Xl .,.,. I 0 .5 1 
x2 .... , . 0 50 100 
Design 4: 50 .5 ·100 
Xl ...... 0 25 50 
X2 ...... 2.0 4.0 6.0 
Design 5: 50 .5 ·200 
XI ...... 0 25 50 
x2 ...... .10 2.05 4.0 
Design 6: 50 5.0 ·14 + 28 
Xl ...... 0 25 50 
X2 ...... .10 2.05 4.0 
IXI = LA 790 concentration In parts per million; X2 = Fe3+ con· 
centratlon In grams per liter. 
The nonionic surfactants selected for testing in this 
study are shown in table 3. The first five surfactants in the 
table are ethoxylated alcohols with an ether linkage be-
tween the hydrophilic polyethylene oxide group and the 
hydrophobic hydrocarbon group. The ether linkage is the 
most stable of the nonionic surfactant linkages. Each 
of the ethoxylated alcohols is a linear chain, except 
Arlasolve 200L, which possesses a branched hydrophobe. 
FC 760 is an alkoxylated fluorocarbon nonionic surfactant. 
The hydrophobe of FC 760 is a fluorocarbon chain com-
pared with the other surfactants considered, which possess 
hydrocarbon hydrophobes. The fluorocarbon nonionic sur-
factants are reported to achieve a lower surface tension 
compared with the hydrocarbon nonionic surfactants (15). 
The surfactants are ordered in terms of their hydrophile-
lipophile balance (HLB)S, which measures the molecular 
proportion of hydrophile in the non ionic surfactant 
SHLB = [(ethylene oxide molecular weight times moles ethylene 
oxide) divided by molecular weight molecule) times 20. 
molecule. The lower the HLB value of a nonionic 
surfactant, the lower the proportion of polyethylene oxide 
present in the molecule. 
Table 3.-Surfactants considered In this study 
Trade name HLB Structure 
Brlj 7001 ........ . 18.8 H(OCH2CHJlOo0CISH37 
LA 232 •••••••••• 16.4 H(OCH2CHJ230CIZH2S 
C6Hl2 
Arlasolve 200L .... 15.7 H(OCH2CH~200ClOHzI 
LA 12 ..•........ 14.6 H(OCH2CH~120CI2H2S 
LA 790 ......... . 10.8 H(OCH2CH~70CI2H2S 
C2HS 
FC 7603 ........ . 7.9 CH3(OCH2CH~8NS02C8F17 
HLB Hydrophile·lipophile balance . 
lBrij 700 and Arlasolve 200L were obtained from ICI Specialty 
Chemicals. 
2LA 23, LA 12, and LA 790 were obtained from Mazer 
Chemicals. 
3FC 760 was obtained from 3M Industrial Chemical Products 
Division. 
Surfactant adsorption studies were undertaken using a 
26-cm-high by 3-cm-ID column. The purpose of the ad-
sorption tests was to obtain an indication of how much 
surfactant would be adsorbed by a typical dump ore and 
whether some surfactants would be adsorbed less than 
others. For each test, 210 g of chalcopyrite ore obtained 
from Bingham Canyon, Utah, were packed into the col-
umn. A mineralogical analysis of the ore revealed that it 
was medium- to fine-grained hydrothermally altered igne-
ous material consisting mainly of K-feldspar, quartz, bio-
tite, and plagioclase. Sulfide mineralization consisted of 
disseminated chalcopyrite and minor pyrite. Ore fractions 
were blended so that the size distribution of the ore sam-
ple in the column was 57 pct plus 4 mesh, 29 pct minus 
4 plus 14 mesh, and 14 pct minus 14 mesh. The ore sam-
ple was neutralized before each adsorption test with 50 mL 
of 184 giL H2S04, Neutralization of the acid-consuming 
constituents of the ore was necessary to prevent the Fe3+ 
in the feed solutions from precipitating out in the column. 
After neutralization, 400 mL of feed solution containing 
100 ppm nonionic surfactant, 1 giL Felt, and 3.7 giL 
H 2S04 were percolated through the ore at 2 mL/min. The 
effluent from the column was collected in 30-mL volumes 
after the first 40 mL had passed through the column. The 
first 40 mL were used to rinse out the neutralization 
solution and were discarded. The surface tension of each 
30-mL volume thereafter was measured using a Fisher6 
6Reference to specific products does not imply endorsement by the 
U.S. Bureau of Mines. 
Surface Tensiomat, Model 21. The presence of nonionic 
surfactants lowers surface tension. By measuring surface 
5 
tension as a function of volume, the degree of surfactant 
adsorption was determined. 
RESULTS AND DISCUSSION 
The results of the completely randomized experiment 
designs comparing Brij 700, LA 23, Arlasolve 2ooL, and 
LA 12 at 25° and 50° C are presented in table 4. The 
results are organized into subsets that do not differ in 
performance statistically based on the F and LSD tests. 
At 25° C, LA 12 and Arlasolve 200L perform the same 
statistically and are better in performance than LA 23, 
which in turn performs better than Brij 700. The per-
formance of the linear chain ethoxylated alcohols at 25° C 
is correlated with their respective HLB values. The lower 
the proportion of hydrophile in the molecule, the more 
effective it is in promoting leaching at this temperature. 
Arlasolve 200L, with its branched hydrophobe, does not 
follow this rule. It possesses an HLB value of 15.7, but 
performs as well as LA 12, which has an HLB of 14.6. It 
will be shown later that the branched hydrophobe of 
Arlasolve 200L allows it to achieve a sufficiently low 
surface tension in the leaching solution so as to perform as 
well as LA 12. At 50° C, no difference in the performance 
of these four surfactants was uncovered. Although their 
mean responses are different, the differences are suf-
ficiently small compared with the experimental error so as 
not to be statistically significant based on the F-test. The 
LSD test was not needed in this case since the F-test did 
not uncover any difference in the performance of these 
surfactants. At 50° C, the HLB of the surfactant does not 
affect leaching. Because LA 12 was the best performer at 
25° C and produced the highest numerical response at 





Table 4.-8tatlstlcal comparison of Brij 700, LA 23, 



















LA 23 229 
Brlj 700 23!$ 
LA 12 247 
The results of the completely randomized designs 
comparing LA 12, LA 790, FC 760, and Tween 40 at 25° C 
and LA 12, LA 790, FC 760, and Tetronic 304 at 50° Care 
presented in table 5. Tween 40 and Tetronic 304 yielded 
the best results at 25° and 50~ C, respectively, in the tests 
conducted previously (7). In table 5, LA 790 is the best 
performer of the comparison at 25° C. It outperforms LA 
12 in keeping with the correlation previously shown be-
tween the performance of the linear chain ethoxylated 
alcohols and their HLB value. LA 790 exhibits the lowest 
HLB value attainable in the lauryl alcohol series while 
maintaining water solubility. If the HLB value is lowered 
further, the ethoxylated alcohol becomes oil soluble and 
water insoluble. LA 12 and LA 790 both perform better 
than Tween 40. FC 760, the alkoxylated fluorocarbon, is 
the poorest performer in this comparison at 25° C. In the 
'comparison at 50° C, the four surfactants perform equally 
well statistically. Again, as in table 4, it is shown that at 
the higher temperature, the HLB of the nonionic surfac-
tant does not affect leaching. Because LA 790 is the best 
performer at 25° C and performs as well as the other sur-
factants tested at 50° C, LA 790 was selected as the best 
performing surfactant at 25° and 50° C and was selected 
for further study in the factorial designs. 
Table 5.-8tatlstlcal comparison of LA 12, LA 790, FC 760, 
and Tween 40 at 25· C and LA 12, LA 790, FC 760, 
and Tetronlc 304 at 50· C 
25°C 50° C 




A .... FC760 81 Tetronlc 304 206 
LA 12 218 
LA 790 227 
FC 760 246 
B .... Tween 40 130 
C .... LA 12 147 
0 .... LA 790 155 
The results of factorial designs 1 and 2 are presented in 
figures 1 and 2, respectively. The addition of LA 790 
increases copper leaching at 1.025 and 2.0 giL Felt at 
25° C and at 2.05 and 4.0 giL Fe3+ at 50° C. At 25° C 
and 1.0 pct solids, the increase is 116 pct after 12 days 
of leaching. At 50° C, 0.5 pct solids, and 4 giL Fe3+, 
the increase is 61 pct after 4 days of leaching. Increasing 
LA 790 concentration from 25 to 50 ppm produces 
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Figure 1.-Effect of LA 790 concentration, Fe3+ concentration, 
and time on copper leaching at 25· C, pH 2, and 1 pct minus 
100 mesh solids. 
Increasing Fe3+ concentration from the middle to high 
levels at 25° and 50° C produces very little effect on 
leaching. At the low levels of Fe3t concentration studied, 
0.05 giL at 25° C and 0.10 giL at 50° C, the addition of 
LA 790 produces a decrease in leaching. The decrease is 
24 pct at 25° C, 1.0 pct solids, and 12 days of leaching, and 
35 pct at 50° C, 0.5 pct solids, and 4 days of leaching. 
Increasing LA 790 concentration from 25 to 50 ppm pro-
duces no further decrease in leaching at the low levels of 
Fe3+. 
The underlying explanation of the positive effect of 
LA 790 is that the surfactant is rendering the hydrophobic 
chalcopyrite surface more wettable by the leaching solu-
tion. The negative effect of the surfactant at low Fe3t 
concentrations will be shown in design 6 to be related to 
the chalcopyrite surface area present in the leaching test. 
The change in the effect of LA 790 as Fe3t concentration 
is increased constitutes the positive interaction cited in the 
previous research (7). An interaction occurs when the 
effect of one independent variable is dependent on the 
level of another independent variable. In this case, the 
effect of LA 790 is dependent on the level of Fe3t in the 
leaching system studied here. The fact that chalcopy-
rite leaching becomes insensitive to increasing LA 790 
250 r-------~------~------_.------_, 
-I 
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... 4.0 giL Fe3+ - - 4 days 
• 2.05 giL Fe3+ - 2 days 
• 0.10 giL Fe3+ 
........... -----------
o ~------~------~------~------~ 
0.0 12.5 25.0 37.5 50.0 
LA 790 CONCENTRATION. ppm 
Figure 2.-Effect of LA 790 concentration, Felt concentration, 
and time on copper leaching at 50· C, pH 2, and 0.5 pet minus 
100 mesh solids. 
concentration indicates that the chalcopyrite surface be-
comes sufficiently wettable at a given level of surfactant. 
Figures 3 and" 4 contain data from designs 1 and 2, re-
spectively, as a function of -time. The purpose of the 
figures is to show that the presence of the surfactant does 
not prevent the passivation of the chalcopyrite surface dur-
ing leaching. Passivation is represented by the leveling off 
of copper concentration with time. The chalcopyrite pas-
sivates at a higher level of copper extraction in the pres-
ence of the surfactant. Passivation is particularly evident 
in figure 4, which presents design 2 data (at 50° C) as a 
function of time. The fact that the presence of the non-
ionic surfactant decreases the passivation of the chalco-
pyrite surface supports the conclusion that some of the 
passivation is due to a change in the wettability of the 
chalcopyrite as leaching progresses. 
The hypothesis that the positive interaction between 
LA 790 concentration and Fe3t concentration could be ex-
plained by the surfactant crowding out Fe3t ions at low 
Fe3+ concentrations was tested in design 3 at very low sur-
factant concentrations. The variable ranges were 0 to 
1 ppm LA 790 and 0 to 100 ppm Fe3t • Percent solids was 
increased to 1.0 pct, compared with the other designs at 
50° C and 0.5 pct solids, to further decrease the ratio 
of surfactant to mineral surface area. The results are 
shown in figure 5. Even at LA 790 concentrations of 
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Figure 3.-Effect of time, Fe3+ concentration, and LA 790 
concentration on copper leaching at 25· C, pH 2, and 1 pct minus 
100 mesh solids. 
KEY 
A 4.0 giL Fe:J+ and 0 0.10 giL FeH and 
o ppm LA 790 0 ppm LA 790 
... 4.0 giL Fe3+ and • 0.10 giL FeH and 



















TIME, days 3 4 
Figure 4.-Effect of time, Fe3+ concentration, and LA 790 
concentration on copper leaching at 50· C, pH 2, and 0.5 pct 
minus 100 mesh solids. 
concentrations. In this case, the decrease is 20 pct at 
0.5 ppm LA 790, 100 ppm Fe3+, and 4 days of leaching. 
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Figure 5.-Effect of low LA 790 concentration, low Fe3+ con-
centration, and time on copper leaching at 50· C, pH 2, and 1 pct 
minus 100 mesh solids. 
decreases. At 0 ppm Fe3+, the addition of the surfactant 
produces no effect on the leaching of the acid soluble 
copper in the chalcopyrite. Given these results, it is 
concluded that the surfactant is not crowding out Fe3+ ion. 
The results of design 4 are shown in figure 6. This 
design evaluates the effect of LA 790 at Fe3+ concentra-
tions of 2.00, 4.00, and 6.00 giL. In figure 6, the addition 
of LA 790 performs equally well at the three levels of Fe3+ 
studied. Chalcopyrite leaching remains insensitive to Fe3+ 
concentrations beyond 2.00 giL Fe3+. 
Figure 7 displays the results of design 5, which tests 
the effect of LA 790 addition on the leaching of minus 
200 mesh chalcopyrite. The figure shows that the effect 
of LA 790 on minus 200 mesh solids exhibits the same 
pattern of results as with the minus 100 mesh solids at 
50° C, pH 2, and 0.5 pct solids. An increase in leaching 
is observed at 2.05 and 4.00 giL Fe3+. A decrease in 
leaching is observed at 0.10 giL Fe3+. The increase in 
leaching at 2.05 and 4.00 giL Fe3+ is, however, larger with 
minus 200 mesh chalcopyrite than with minus 100 mesh 
chalcopyrite. At 4.00 giL Fe3+ and 4 days of leaching, the 
increase is 94 pct with minus 200 inesh solids compared 
with 61 pct with minus 100 mesh solids. The decrease in 
leaching at 0.10 giL Fe3+ and 4 days of leaching is ap-
proximately the same for both particle sizes, 31 pct with 
minus 200 mesh solids compared to 35 pct with minus 
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Figure 5.-Effect of LA 790 concentratlo'n, high Fe3+ con-
centration, and time on copper leaching at 50· C, pH 2, and 
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Figure 7.-Effect of LA 790 concentration, Fe3+ concentration, 
and time on copper leaching at 50· C, pH 2, and 0.5 pct minus 
200 mesh solids. 
Figure 8, which shows the results of design 6, exhibits 
a different pattern of results than the other designs. De-
sign 6 tested the effect of LA 790 addition on the leaching 
of minus 14 plus 28 mesh chalcopyrite particles. The prin-
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Figure S.-Effect of LA 790 concentration, Fe3+ concentration, 
and time on copper leaching at 50· C, pH 2, and 5 pct minus 14 
plus 2S mesh solids. 
the other designs run under similar conditions is that at 
0.10 giL Fe3+, LA 790 addition produces an increase in 
copper extraction with the larger particles, whereas with 
minus 100 and minus 200 mesh solids, surfactant addition 
decreased leaching at 0.10 giL Fe3+. Design 6 was re-
peated, except that 10 pct solids (minus 14 plus 28 mesh) 
were used. The results are shown in figure 9. In figure 9, 
at 0.10 giL Fe3+, the addition of LA 790 again produces a 
decrease in leaching. These results indicate that the effect 
, of surfactant addition at low Fe3+ concentrations is related 
to the chalcopyrite surface area. As chalcopyrite surface 
area is decreased, the effect of surfactant addition at low 
Fe3t concentrations becomes positive. 
The results of the surfactant adsorption studies are pre-
sented in table 6. All of the surfactants are heavily ad-
sorbed by the ore in the column, regardless of HLB value. 
The change in surface tension from the feed value to that 
of the effluent from the column shows that even after 
400 mL of a 100-ppm surfactant solution had passed 
through the column, each surfactant was still being re-
moved from solution by the ore. Over the duration of 
each adsorption test, the surface tension of the column 
effluent remained at approximately that of distilled water 
at 20· C, which is 73 dynl cm. Heavy adsorption of the 
surfactants by the chalcopyrite ore poses a serious barrier 
to their being applied to dump leaching because heavy ad-
sorption would make the surfactants uneconomical to 
apply and perhaps ineffective. 
Table 6.-Results of surfactant adsorption studies 
Surfactant HLB Surface tension, dynes/em 
Feed 70 mL effluent 400 mL effluent 
Brlj.700 ., 18.8 54 73 71 
LA 23 .. .. 16.4 44 73 73 
LA 12 ... . 14.6 38 73 73 
A200L .. . 15.7 34 73 73 
LA 790 .. . 10.8 32 73 71 
FC 760 .. , 7.9 28 73 71 
An interesting feature of the surface tension measure-
ments is that the ability of the surfactants to lower sur-
face tension is correlated with their HLB value. Those 
with lower HLB values lower surface tension to a greater 
degree than those with higher HLB values. Referring to 
the surfactant comparisons of tables 4 and 5, surfactant 
performance of the linear chain ethoxylated alcohols at 
25° C was also correlated with HLB value. The linear 
chain ethoxylated alcohols with lower HLB values per-
formed better than those with higher HLB values. Arla-
solve 200L with its branched hydrophobe, did not follow 
this rule. It possesses an HLB of 15.7, but performed 
as well as IA 12, which possesses an HLB of 14.6. In 
table 6, A200L produces a slightly lower surface tension 
than IA 12. This can be attributed to the branched 
hydrophobe of A200L, which allows it to produce a lower 
surface tension than comparable linear chain ethoxylated 
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Figure 9.-Effect of LA 790 concentration, Fe3+ concentration, 
and time on copper leaching at 50· C, pH 2, and 10 pct minus 14 
plus 28 mesh solids. 
25° C is therefore correlated with their ability to lower 
surface tension. The fluorocarbon surfactant, FC 760, 
does not follow this correlation. 
CONCLUSIONS 
The nonionic surfactant IA 790 was selected as the best 
performing surfactant in the leaching of chalcopyrite at 
25° and 50° C and was further studied in the factorial 
experiment designs. The performance of the linear-chain 
ethoxylated alcohols at 25° C was found to be correlated 
with their HLB values. At 50° C, the HLB of the sur-
fact ants was found to be unimportant in predicting 
surfactant performance. 
The leaching of chalcopyrite was found to become 
insensitive to IA 790 concentration as this concentration 
was increased. The passivation of chalcopyrite towards 
leaching that occurs with time was explained in part by a 
change in the wettability of the mineral surface as leaching. 
progresses. The increase in leaching due to IA 790 
addition increased from 61 pct with minus 100 mesh 
chalcopyrite solids to 94 pct with minus 200 mesh solids 
under comparable conditions. The negative effect of 
surfactant addition at low Fe3+ concentrations was found 
to be related to the chalcopyrite surface area present in 
the leaching system. As chalcopyrite surface area was 
decreased, the effect of surfactant addition at 0.10 gIL 
Fe3+ became positive. 
The surfactant adsorption tests revealed that ali of the 
surfactants tested were heavily adsorbed by the chalco-
pyrite ore regardless of their HLB value. The ability of 
the surfactants to lower surface tension was found to be 
correlated with their HLB values. At 25° C, the ability of 
the ethoxylated alcohols to promote leaching was found to 
be correlated with their ability to lower surface tension. 
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